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Abstract: A theoretical model for the transport phenomena in an air gap membrane 
distillation is presented. The model is based on the conservation equations for the mass, 
momentum, energy and species within the feed water solution as well as on the mass and energy 
balances on the membrane sides. Slip flow occurs due to the hydrophobic properties of the 
membrane. The slip boundary condition applied on the feed saline solution-membrane interface 
is taken into consideration showing its effects on process parameters particularly permeate flow, 
heat transfer coefficient and thermal efficiency. The theoretical model was validated with 
available experimental data and was found to be in good agreement especially when the slip 
condition is introduced. Increasing slip length from zero to 200 µm was found to increase the 
permeate flux and the thermal efficiency by 33% and 1.7% respectively. 
 
Keywords: desalination; membrane distillation; modeling; simulation; slip flow 
 
Nomenclature 
C Mass fraction of NaCl 
Cin Mass fraction of NaCl at the entrance 
Cp Specific heat [kJ/kg K] 
cs Mole fraction of NaCl  
Ds Diffusion coefficient of NaCl [m
2/s] 
Dv/a Coefficient of vapor-air mass diffusion [m
2/s] 
g Acceleration of gravity [m/s2] 
hfg Latent heat of evaporation [kJ/kg] 
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hx Local convective heat transfer coefficient 
[W/m2K] 
J Length-averaged permeate flux [kg/m2h] 
Jv Local permeate flux [kg/m
2s] 
K Permeability of the membrane 
k  Thermal conductivity [kW/mK] 
L Membrane length [m] 
l Half-width of the flow channel [m] 
Mv Molar mass of water vapor [kg/kmol] 
Nx Number of nodes along x direction 
Ny Number of nodes along y direction 
P pressure [Pa] 
Pr  Prandtl number 
QC Conductive heat flux [kJ/m
2h] 
QL  Latent heat flux [kJ/m
2h] 
QT Total heat flux [kJ/m
2h] 
Re Reynolds number 
Rg Thermal resistance of the air gap 
Rf Thermal resistance of the condensate film  
Rm Thermal resistance of the membrane 
Rp Thermal resistance of the cooling plate 
Ru Universal gas constant  [kJ/kmol/K] 
Sc Schmidt number  
T Temperature [°C] 
Uin Inlet velocity [m/s] 
U Velocity component in x direction [m/s] 
V Velocity component in y direction[m/s] 
x Coordinate along to the solution flow [m] 
y  coordinate normal to the solution flow [m] 
μ Dynamic viscosity [kgm-1s-1] 
ρ Density [kgm-3] 
ε Porosity 
δ Thickness or width [m] 
χ Tortuosity  
η Process thermal efficiency 
 
Subscripts 
 
a air 
   3 
 
c cooling plate 
f condensate film 
g air gap 
in inlet 
m membrane 
mm membrane material 
moy average  
s saline water 
T total 
v vapor 
  
AGMD Air gap membrane distillation 
DCMD Direct contact membrane distillation 
MD Membrane distillation 
SWMD Sweeping gas membrane distillation 
VMD Vacuum membrane distillation 
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1. Introduction 
Membrane distillation (MD) has been widely investigated the last two decades as a novel and 
promising technique for desalination. The driving force in MD process is the difference in vapor pressure 
of water caused by an existing temperature difference across the membrane. Thus, vapor molecules are 
transported from the high vapor pressure (high temperature) side to the low vapor pressure (low 
temperature) side of the membrane. This trans-membrane vapor pressure difference may be maintained 
with one of four possibilities applied on the permeate side leading to four different configurations namely 
Direct Contact Membrane Distillation (DCMD), Air Gap Membrane Distillation (AGMD), Vacuum 
Membrane Distillation (VMD) and Sweeping Gas Membrane Distillation (SWMD) [1,2]. One of the 
key parameters affecting the process performance is related to the membrane properties.  
For the MD process, the membrane supports the liquid–gas interface on which the evaporation takes 
place. This can be achieved by using hydrophobic surfaces characterized by alternating patches of either 
a liquid–solid interface or a gas–liquid interface [2,3]. One can have therefore alternating boundary 
conditions at the membrane surfaces of either no slip at the solid-liquid interface or no shear at the gas-
liquid interface. Modeling the microscopic behavior of the flow over hydrophobic surfaces is not an easy 
task. However, it is possible as proposed by Ramon et al. [4] to model the macroscopic behavior by 
introducing an effective slip parameter accounting for the deviations of the flow from the no-slip basic 
case.   
The phenomenon of slip can occur for both gases and liquids. However, there is a fundamental 
difference between the slip in gas micro-flows and the slip in liquid flows. Slip in liquids is encountered 
as a consequence of the interaction between a coated surface and the adjacent liquid particle. Thus, liquid 
slip can occur even when the continuum hypothesis is valid [5]. 
For a hydrophilic surface, Garimella and Sobhan [6] studied the transport in micro-channels and 
concluded that analyses based on Navier–Stokes and energy equations can adequately predict the flow 
and heat transfer characteristics in micro-channels having a hydraulic diameter greater than 50 µm. In 
the case of hydrophilic surface, experimental studies have confirmed the validity of the no-slip boundary 
condition down to few nano-meters [7]; despite, the occurrence of slip in hydrophilic surface has also 
been studied and confirmed [8]. When a surface is coated with hydrophobic material, the fluid molecules 
adjacent to the surface do not stick to the solid boundary resulting in an overall velocity slip. This slip 
velocity is related to the normal velocity gradient of the fluid adjacent to the wall with a slip length b 
which can be described as the imaginary distance within the solid where the velocity extrapolates to 
zero. Slip velocity can be presented in the following form [4]: 
0
0

 


y
y y
U
bU       (1) 
    Tretheway and Meinhart [9,10] experimentally showed an apparent fluid slip in micro-channels with 
hydrophobic walls. The micron-resolution particle image velocimetry (μ-PIV) was applied to measure 
velocity profiles of flow through 30x300 mm channels. They measured an apparent slip velocity at the 
wall for water flowing through a microchannel coated with hydrophobic octadecyltrichlorosilane. The 
slip velocity at the wall was approximately 10% of the free stream velocity which produces a slip length 
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of about 1 µm. Pit et al. [11] provided experimental evidence of liquid slip at the wall for hexadecane 
flowing between two rotating parallel disks kept at a distance of 190 µm. They measured a slip length 
of 0.4 µm when the surface was coated with octadecyltrichlorosilane (OTS). Cottin-Bizzone et al. [12] 
studied experimentally water flow across hydrophilic and hydrophobic surfaces; they found slip lengths 
of approximately b=0.02 µm. 
On the other hand, a superhydrophobic surface can dramatically reduce the hydrodynamic resistance 
and a slip length higher than 185 µm has been reported by Choi and Kim [13, 14]. They obtained the 
slip length through torque measurement with a commercial rheometer. A cone and plate arrangement, 
the most popular geometry because of the uniform shear rate over a sample, was used. For the bottom 
plate, the prepared test membrane is placed over a rheometer stage with temperature set by a Peltier 
plate. The test liquids are dispensed between the cone and the test membrane. When a cone of radius r 
and very small cone angle Ѳ0 rotates at angular velocity Ω, the governing equation of the Couette flow 
with a slip on the substrate using Navier’s hypothesis about the wall slip and expanding the wall shear 
stress into a Taylor series, the torque M on the rotating cone can be calculated. Derived from the torque 
measurement, slip length can be calculated as [13]: 
 
𝑏 =
𝑟𝜃0
4
(1 − √
8𝜃0
𝜋Ω𝑟3
𝑀
𝜇
−
13
3
)                       (2) 
Ou and Rothstein [15] were among the first to demonstrate experimentally that superhydrophobic 
surfaces could reduce drag in laminar flows. Slip lengths greater than 25 μm were measured. 
It's important to notice that many techniques are used to measure slip length. Some techniques are 
used to have direct measurements of slip length in flows past hydrophobic surfaces. Joseph and Tabeling 
[16] and Tretheway and Meinhart [10] utilize micro-particle image velocimetry (μ-PIV) measurements 
to determinate slip length. Pit et al. [17] used total internal reflection fluorescence microscopy (TIRF) 
to measure the fluorescence recovery after photobleaching and determine the slip velocity of hexadecane 
flowing past a lyophobically modified, smooth sapphire surface. Jin et al. [18] combined TIRF of 
submicrometer particles with particle tracking velocimetry (PTV) to measure the velocity of water near 
a glass surface coated with a self-assembled monolayer of OTS. 
A number of studies have calculated slip lengths indirectly from pressure-drop Choi et al. [19], Schnell 
[20] or friction-factor measurements [12,21] of simple fluids flowing past non wetting smooth surfaces. 
     On the other side, it is also of importance to mention some techniques used to generate 
superhydrophobic surfaces such as plasma treatment, lithography, sol gel technology, nanoparticle 
deposition and fluoroalkylsilane coating [22,23]. 
In membrane distillation process, commercial hydrophobic polyvinylidene fluoride (PVDF) flat-sheet 
membrane HVHP, usually used in membrane distillation, is coated with a TiO2 solution by the low 
temperature hydrothermal process followed by fluorination through vacuum filtration with FTCS 
solution to create a superhydrophobic membrane. More explanation about this technique is detailed by 
Razmjou et al. [24]. 
 
The majority of previous studies on membranes for water treatment and desalination were performed 
within the continuum regime and the effect of slip flow at a membrane surface was studied only by very 
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few authors. Singh and Laurence [25,26] focused on the effect of slip velocity at the membrane surface 
of an ultra-filtration unit on the concentration polarization for tube flow and channel flow systems. 
Soundalgekar et al. [27] studied laminar slip flow through a uniform circular pipe with small suction, 
and significant impact of slip velocity on the hydrodynamic flow is shown. Recently, Ramon et al. [4] 
presented a two-dimensional, boundary layer model describing the heat transfer in the feed channel of a 
vacuum membrane distillation (VMD) module. The effect of slip velocity on the VMD performance in 
terms of permeate flux and thermal efficiency was found to be significant. The degree of temperature 
polarization is reduced and an increase in the evaporation mass flux is observed. 
 
The purpose of this study is to present a two-dimensional model for the transport phenomena in the 
feed channel of an AGMD module. The slip velocity boundary condition is considered and discussed 
showing its effects on the desalination unit performance. 
 
2. Mathematical model  
The axisymmetric flow field is modeled using the two dimensional steady-state partial differential 
equations expressing conservation of mass (overall and species), energy and momentum using constant 
fluid properties. Viscous dissipation, thermal radiation and Soret and Dufour effects are neglected. The 
natural convection effects in the feed solution are supposed negligible. Besides, the convective effect in 
the air gap is also ignored. The condensation temperature Tc, is supposed to be uniform. The calculation 
domain is limited to the flow, heat and mass transfer in the hot saline water region. 
 
2.1. Process description   
    The configuration considered in this study is AGMD. Hot saline water flows inside a channel. The 
wall of this channel consists of a micro porous hydrophobic (non wettable) membrane through which 
only water vapor can diffuse and the liquid water is retained. The vapor is condensed on the cold surface 
of the outer wall. The latter is impermeable and can be cooled by the feed sea water. An air gap is 
interposed between the membrane and the condensation surface separating the evaporator and the 
condenser. The temperature difference between the inner and the outer tubes creates a partial pressure 
gradient forcing the vapor to diffuse through the membrane and the air gap [28]. Fig. 1 shows a 
description of the physical model considered in the present study. The calculation domain is limited to 
the flow and heat and mass transfers in the hot saline water region. 
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Figure 1: Schematic diagram of the AGMD unit 
2.2 Governing equations  
    The partial differential equations governing the flow, heat and mass transfer within the hot feed water 
are those of conservation of mass, momentum in x and y directions, energy and species. These equations 
can be normalized using the following dimensionless variables: 
l
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Therefore, in non-dimensional form the governing equations are:  
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The boundary conditions in dimensionless form are:  
 
 Inlet of the saline solution ( x=0) 
1U  , 0V  , 1T  , 1C                                                     (8) 
 Symmetry conditions (y=0) 
0
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y
U
 , 0


y
T
 , 0
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y
C
 , 0V                                          (9)                                                                    
 Outlet of the saline solution (x=L) 
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 Feed saline solution - membrane interface 
 
Liquid slip boundary condition, occurred in the feed saline solution-membrane interface, due to 
hydrophobic and superhydrophobic membrane characteristics, is expressed by equation (1) and could be 
written using the dimensionless variables as:  
 
                                                                             (10a) 
So, in equation (10a), b=0 refers to the non slip boundary condition.  
For a steady-state liquid evaporation, continuity requires that V=Jv/ρs [29], where Jv is the local vapor 
flux and ρs the density of the liquid (here the liquid is the saline solution), so we obtain in dimensionless 
form: 
sin
v
U
J
V

                                                                             (10b)                                                                                                  
At the saline solution-membrane interface, the conduction within the saline solution will be the sum of 
heat required for the evaporation (QL=Jvhfg) and heat transferred by conduction across the membrane 
(Qc): 
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                                                                (10c) 
 
And in dimensionless form we obtain: 
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Where Qc can be calculated as: 
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Where Tsm is the temperature at the saline solution-membrane interface, Rm, Rg, Rf and Rc are respectively 
the thermal resistance of the membrane, the air gap, the condensate film and the cooling plate  
vmm
vmm
m
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RR
R


                                                                        (10f) 
Rmm and Rv are respectively the thermal resistance of the membrane material and the vapor flow through 
the membrane and Rmm=δm/km ; Rv=1/JvCp 
km=εka+(1-ε)kmm                                                                        (10g) 
kmm, and ka are the thermal conductivity of the membrane material, and the air, respectively. δm and ε are 
the membrane thickness and porosity respectively.  
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va
g
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R
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                                                                          (10h) 
Where Ra=δg/ka, Rf=δf/kf  and Rc=δc/kc 
For the species equation, the boundary condition is: 
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The vapor flux generated by the membrane will condensate on the internal side of the cooling plate, and 
for a thin film, the condensate film thickness δf can be calculated as given by [30,31]:  
3/1
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Where z = L-x  
Many authors have adopted empirical approaches to describe the mass transfer across the membrane. 
Stephan’s law is used to give the general mass flux form [31]:  
                                                                   (13)  
Where: 
Jv : local vapor flux generated across the membrane; 
K : Permeability of the membrane; 
∆Pv : Water vapor pressure difference between the membrane sides; 
 
The vapor pressure Pv can be calculated using the Antoine’s equation: 
     (14)                                                
The membrane permeability K is defined for the molecular diffusion as:  
mmoyumoyam
Tvav
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                                                           (15) 
 
The effect of the presence of the salt in the solution on the vapor pressure at the hot surface of the 
membrane side has been accounted for by using Raoult's law [31]: 
 
vs PcP )1(                   (16) 
where cs is the mole fraction of NaCl. 
The averaged permeate flux is obtained by integrating equation (13) over the membrane length L: 
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The averaged conduction heat flux is defined as: 
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
L
CC dxxQ
L
Q
0
)(
1
      (18) 
The averaged total latent heat flux is: 

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1       (19) 
The total heat transfer is: 
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      (20) 
Therefore, the process thermal efficiency can be defined as:  
T
L
Q
Q
        (21) 
3. Numerical model and validation  
    The control volume method and the Simpler algorithm [32] was used for the solution. A grid-
dependence analysis of the method of solution was performed as mentioned in Table 1. The values are 
practically independent of the chosen grid. We selected the grid size of 250,40 for the simulations 
conducted in this work. The computed results for AGMD using the present model were validated by 
comparing them with Izquierdo-Gil’s AGMD experimental ones [33] considering properties for aqueous 
sucrose solutions. They were found to be in very good agreement as shown in Fig. 2. The numerical 
model was also verified in earlier studies [28]. 
 
               Table 1: Influence of grid size on the permeate flux and thermal efficiency 
Nx, Ny 250,40 350,40 250,50 350,50 
J[kg/m2h] 5.7216 5.7203 5.7214 5.72039 
η 0.91802 0.91804 0.91805 0.91804 
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Figure 2: Effect of the inlet temperature on the permeate flux and comparison with the 
experiments of [33] 
 
4. Results and discussion  
    For all calculations, the following general conditions were considered: l=2mm, L=20cm, Uin=0.1m/s, 
Cin=0.025; TC=25°C,  =1.5; ε = 0.85; Tin = 70°C, δm = 0.3 mm, δg = 2 mm, δc=1.5 mm, km=0.2 W/mK, 
kc=50 W/mK. 
    Results of this work were expressed in terms of profiles of temperature, axial velocity and 
concentration as well as distributions of several process parameters; these process parameters include 
the average permeate flux, the conductive heat flux, the total heat transfer and the process thermal 
efficiency. In order to show the impact of introducing a slip velocity boundary condition on process 
parameters, we have presented J, η and QC as a function of slip length (Table 2). The slip length b is 
varied from zero to 200 µm. For low values of b (0-1µm), no significant effects on process parameters 
are noticed. While increasing b from 1 to 200 µm induces a significant variation of the permeate flux, J. 
 
 
 
Table 2: Slip length effects on process parameters  
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b [µm] 0 0.1 1 10 100 200 
J[kg/m2h] 5.5736 5.5753 5.5893 5.7216 6.5757 7.0580 
η 0.91630 0.91633 0.91650 0.91802 0.92643 0.93022 
Qc[kJ/m2h] 1094.39 1094.43 1094.76 1097.96 1121.80 1138.50 
 
Fig. 3 shows the axial velocity, temperature and concentration profiles at the outlet of the channel as 
a function of b. In fact, axial velocity profiles are parabolic with a maximum velocity located at the 
center of the channel as it is the case for the Poiseuille flow for impermeable walls. One can see that 
when the slip flow condition is applied (b is non zero), the fluid particles adjacent to the solid surface of the 
membrane wall no longer attain the velocity of the solid surface. In the core region of the channel, the fluid 
decelerates and its maximum velocity occurring at the centerline of the membrane decreases significantly. 
So that, increasing b leads to an increase of the fluid velocity at the membrane surface and a decrease of 
the centerline velocity. On the other side, slip impact on the temperature profile is significant. In fact, 
increasing b leads to a reduction of the temperature drop which results in a higher temperature difference 
and the production of higher quantities of pure water. Moreover, the concentration increases significantly 
near the membrane wall due to vapor loss across the membrane. In the extended core region of the 
channel, the non-dimensional concentration is uniform and equal to one while in the thin layer in the 
vicinity of the wall, it increases from one to about 8. It is of interest to indicate that increasing slip 
velocity induces a decrease of the solution concentration near the wall surface. 
 
 
 
 
 
Figure 3: Velocity, temperature and concentration profiles at the outlet of the channel 
Fig. 4 illustrates the variation of the permeate flux and the thermal efficiency as function of the inlet 
temperature for three values of the slip length, b. The presence of velocity slip increases the evaporation 
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mass flux and the thermal efficiency. Besides, slip effects become more pronounced at higher inlet 
temperatures. In fact, for Tin=80°C, increasing b from zero to 200µm induces an increase of the permeate 
flux and the thermal efficiency by 33% and 1.7% respectively. The cooling temperature effect is depicted 
in Fig. 5. One can see that increasing Tc leads to a decrease of the permeate flux and to a slight increase 
in the thermal efficiency. In fact, the cooling temperature has an important effect on the vapor flux 
because of the exponential increase of the partial pressure of the vapor (cold side) associated with the 
cooling temperature increase. Therefore, the driving force will be reduced inducing a significant 
decrease in the permeate flux. In the other hand, the slight increase of the efficiency is due to the fact 
that the rate of decrease of QL (latent heat flux) is smaller than that of QC (conduction heat flux). 
 
 
 
 
Figure 4: Variation of process parameters with inlet temperature 
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Figure 5: Variation of the process parameters with the cooling temperature  
 
 
Figure 6: Evolution of J and η for different values of Cin and b 
From Fig. 6, for all cases, varying Cin from 0.02 to 0.05 induces a small decrease of J and η. The 
concentration of the inlet hot solution has a small effect on process parameters which represents an 
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advantage of membrane distillation over pressure-driven membrane processes such as reverse osmosis. 
When slip occurs, J and η increase in comparison with the non-slip case.  
 
 
Figure 7: Variation of the local convective heat transfer coefficient   
 
Fig. 7 presents another important quantity related to heat transfer mechanism. It shows the variation 
of the convective heat transfer along the channel. At the entrance of the duct, the velocity and 
temperature fields are under development. Therefore, the heat transfer coefficient is high and decreases 
as these fields approach the fully developed region. The values of hx are high due the latent heat transfer 
(evaporation process) at the hot membrane side. On the other hand, when the slip condition is introduced, 
hx increases especially at the inlet, but when reaching the outlet of the channel, this increase become 
small. Further work will include: (i) detailed modeling to represent transport phenomena within the 
membrane, (ii) predictive methods to relate slip length to membrane properties and choice of membrane 
material. 
 
5. Conclusion   
A numerical model solving the mass, momentum, energy and species conservation equations has been 
presented and discussed in this work for the case of feed water domain of a membrane distillation device. 
The air gap membrane distillation configuration was considered. The boundary conditions are adjusted 
to include the effect of slip flow on the performance of the distillation device. The results are expressed 
in terms of velocity, temperature and concentration profiles and of process parameters including the heat 
transfer coefficient and the process thermal efficiency for the case of continuum and slip flow models. 
It was found in particular that including the slip flow model gives a better representation of the process 
parameters. Increasing slip length from zero to 200 µm was found to increase the permeate flux and the 
thermal efficiency by 33% and 1.7% respectively. 
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